Background: Riboflavin, flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD) are cofactors in oxidation-reduction reactions. The aim of this study was to compare a direct high performance liquid chromatography (HPLC) method with an indirect enzymatic method to assess flavin status and establish reference intervals. The HPLC method was used to assess prevalence of flavin deficiency in total parenteral nutrition (TPN) patients.
INTRODUCTION
Clinical signs of severe flavin deficiency include angular stomatitis, cheilosis, glossitis, and magenta tongue [1] . Riboflavin is an essential component of FMN and FAD, which are involved in oxidation-reduction reactions that occur during energy production [1, 2] , biosynthesis, detoxification, and electron scavenging pathways [3, 4] . Riboflavin is involved in iron transport [5] [6] [7] , activation of other vitamins [1, 5, 6] , and homocysteine metabolism [1, 7, 8] . Riboflavin deficiency causes widespread disturbance in metabolic pathways, interfering with normal cellular function [3, 4] , thus hindering recovery of patients receiving TPN.
There is no storage pool of riboflavin and deficiency can result from inadequate intake, decreased assimilation due to malabsorption, defective utilisation, drugs, increased destruction, enhanced excretion in catabolic patients, and increased requirements due to physiological and pathological stress such as pregnancy [1, 3] .
In riboflavin deficiency, characteristic changes occur in the cellular distribution of flavin fractions, and activities of flavin-dependent enzymes. FAD is conserved at the expense of FMN, suggesting a specific hierarchical response to riboflavin deficiency whereby FAD-dependent reactions such as the electron transport chain in ATP synthesis are preserved at the expense of less important pathways [1, 9] . *Address correspondence to this author at the Nutrition and Metabolism Group, Centre for Clinical and Population, Queen's University Belfast, Institute of Clinical Science, Grosvenor Road, Belfast BT12 6BJ, UK; E-mail: i.young@qub.ac.uk It has been suggested that patients on long-term TPN will inevitably develop deficiencies in blood vitamins if not properly supplemented and monitored [10] . However, few studies have been performed to establish the adequacy of supplementation, and most of those involve only neonates [11] .
Currently there is debate over the best way to assess riboflavin status. Assessment has been made on the basis of clinical signs, urinary excretion, plasma and erythrocyte content, and erythrocyte glutathione reductase activity (EGRAC) [12] . Clinical signs are difficult to evaluate as severity can vary widely between individuals [13] , so the question remains as to which method is most suitable for routine flavin analysis [3, [14] [15] [16] . Direct HPLC analysis is more sensitive and specific than other methods. However, the most common method used is an indirect functional assay, EGRAC, which is dependent on FAD levels [17] . The assay requires a small non-fasting sample and the enzyme is stable in washed red cells. However, while EGRAC responds quickly to acute riboflavin deficiency, it is unknown if it changes during progressive depletion [9] . There is discord over what constitutes the deficiency threshold and appropriate cut-off point for abnormal EGRAC [1] . Sensitivity and specificity of EGRAC are questionable in that other factors may affect glutathione reductase activity, such as inherited glucose-6-phosphate deficiency and high levels of free fatty acids [3, 4, 12, 15, 18] .
The aims of this project were to compare a direct HPLC method with an indirect enzymatic method in order to assess flavin levels, establish reference intervals for flavins for each method using samples obtained from normal healthy individuals, and assess the adequacy of flavin supplementation in TPN patients.
MATERIALS AND METHODOLOGY
Healthy individuals (52 male, 38 female) aged between 20 and 65 years were recruited from hospital and university staff and students, as well as from outpatient clinics. Exclusion criterion was the use of vitamin supplements containing riboflavin. All participants provided informed written consent, and ethics approval was obtained from Queen's University Belfast Research Ethics Committee. The number of normal subjects recruited was limited by the timeframe of the study and was therefore slightly less than the IFCC recommendations of 120 subjects. 51 patients (29 males, 22 females) ranging in age from 18 -80 years were recruited from the weekly nutrition ward round. The patients were receiving TPN for a variety of causes including short bowel syndrome, post-operative recovery, and intestinal dysfunction against a background of critical illness. The range of causes was too diverse to allow subjects to be further categorised for sub-group analysis.
Fasting venous blood samples were collected from both reference and patient groups in tubes containing EDTA, which has been shown to inhibit the activity of enzymes that hydrolyse FAD and FMN [19] , and prepared for analysis under dim light immediately after venepuncture. Plasma was separated and stored at -80 °C for analysis by the HPLC method. For the indirect EGRAC assay, red cells were washed in saline and frozen at -80 °C prior to analysis. All chemicals were obtained from Sigma Chemical Co. (St Louis, MO, USA) unless otherwise stated.
The EGRAC method is based on the measurement of erythrocyte glutathione reductase activity as described by Sauberlich et al. [17] . Erythrocyte glutathione reductase (EGR) is a flavin enzyme with FAD as a prosthetic group.
FAD, EGR GSSG + NADPH + H + 2GSH + NADP +
Its activity is altered in vivo by dietary riboflavin and in vitro by FAD. The degree of in vitro glutathione reductase activity depends on the FAD saturation of the apoprotein, which in turn depends on riboflavin availability. The principle of the assay is that the decrease in absorbance of the reaction mixture at 340 nm due to the decrease in NADPH concentration is a measure of the conversion of oxidised glutathione (GSSG) to reduced glutathione (GSH), and thus glutathione reductase activity. EGRAC values were calculated using the following equation:
Absorbance of solution with added FAD Absorbance of solution without added FAD
The HPLC assay, based on the method of Capo-chichi et al. [4] , determines simultaneously riboflavin, FMN, and FAD in plasma using lumiflavin (riboflavin analogue) as an internal standard. All solvents used in this procedure were of HPLC grade (Analytical Supplies Ltd., Dromore, Co Down, UK).
Briefly, mobile phase consisting of 85 % Solution A (15 mM magnesium acetate and 10 mM potassium phosphate, pH 3.4) and 15% acetonitrile was prepared. A mixture of standards were prepared and analysed with each batch of samples to distinguish the retention times of the flavins. Frozen plasma, along with in-house quality control plasma samples were thawed prior to the addition of lumiflavin and magnesium acetate. Samples were incubated in a water bath to ensure total release of the flavins from their apoenzymes. The samples were deproteinised and the flavins extracted using C18 3cc Sep-Pack cartridges (Waters Corporation, Ireland). The Sep-Pak desalted the supernate and helped avoid interference in the fluorescence intensity of the flavins due to quenching by anions, particularly chloride anions from the deproteinisation step [4] . The samples were then stored at 4 °C prior to injection onto a C18 RP-HPLC column (C18, 5 M, 250x4.6 mm, Hypersil, Alltech, UK).
The flavins were detected using a scanning fluorimeter (Waters Corporation, Ireland) with wavelength settings of 445 nm excitation and 530 nm emission, with a flow rate of 1 mL/minute. Elution of the flavins (See Fig. 1 ) followed the order of polarity (FAD>FMN>riboflavin> lumiflavin). The fluorimetric signals (peak heights) of the flavins were directly proportional to their concentrations. The sensitivity, intra-and inter-assay variation, limit of detection, and % recovery were calculated for the EGRAC and HPLC methods. SPSS software (version 17, Seattle, USA) was used for all analyses. As the data were not normally distributed, the methods were compared using Spearman's Rank correlation. The reference intervals for both methods were defined as the 2.5 and 97.5 percentiles [20, 21] . The results from the TPN patients were compared with these reference intervals using the Mann-Whitney U test in order to determine whether riboflavin deficiency is a significant problem in this population. P values < 0.05 were considered to be significant. 
RESULTS

Assessment of the Methods
The intra-and inter-assay variation and limit of detection (LOD) were calculated for both methods, and % recovery and linearity were calculated for the HPLC method. The LOD was calculated by multiplying the standard deviation of the blank (n=10) by 3.3 and dividing it by the slope of the standard curve. The results for each of the methods are shown in Table 1 .
HPLC
The LODs compare well with other HPLC methods which quote FAD at approximately 4.0 nM, FMN at approximately 3.0-3.5 nM, and riboflavin between 2.9-9.0 nM [22, 23] . The peak heights of the flavins were directly proportional to their concentrations up to 240 nM FAD, 220 nM FMN, 265 nM riboflavin, and 390 nM lumiflavin, and were thus used to quantify flavin levels. The intra-and inter-assay coefficients of variation (CV) were found to be within acceptable limits (<10%, intra-assay n=20, inter-assay n=12 over a 12 week period). Recovery of the samples after the extraction process was between 86 and 94 % for all flavins (n=5).
EGRAC
The standard curve for the EGRAC assay was non-linear, suggesting that the assay has greater sensitivity at concentrations of FAD less than approximately 50 nM, whereas at higher levels, a large change in concentration would not produce a corresponding change in activity coefficient. Due to the non-linearity of the standard curve, in order to establish the sensitivity of the EGRAC assay, UV-irradiated flavindeficient red cells were spiked with decreasing levels of known FAD concentrations, until the CV became unacceptable. The CV of the assay was within acceptable limits (<10 %), at concentrations of FAD greater than 7.5 nM. The intraassay CV was 7.7 % (n=20) and the inter-assay CV was 9 % at a FAD concentration of 40 nM (n=12 over a 12 week period).
Establishing Reference Intervals for Both Methods
The reference intervals were defined as the 2.5 and 97.5 percentiles [20, 21] . The HPLC reference intervals were calculated for the flavins. FAD values below 26.2 nM, FMN below 6.7 nM, or riboflavin level below 2.2 nM were deemed riboflavin deficient. The EGRAC reference interval was calculated to be from 0.93 -1.59, thus any sample with an activity coefficient >1.59 was deemed riboflavin deficient ( Table 1) . Previous reports suggest an activity coefficient threshold for riboflavin deficiency of between >1.2 and >1.7 [23] .
Method Comparison
FAD levels assessed by HPLC and EGRAC correlated well (r = -0.935, p<0.001) (See Figs. 3a-3c) . However, there was a poorer correlation between HPLC and EGRAC measurements of riboflavin (r = -0.382, p<0.001), and FMN (r = -0.706, p<0.001), although these were still highly significant. After evaluating both methods, the HPLC method was selected as the method of choice, for assessing riboflavin levels in TPN patients, principally because of its greater sensitivity (LOD), larger number of analytes detected, and better reproducibility.
Reference Population Comparison with TPN Patients
There was no significant difference between FAD and FMN levels in the TPN and control populations ( Table 2) . However, there was a statistically significant difference between the riboflavin levels in the patient and control groups (p<0.001), with the TPN patients having higher levels of riboflavin than the reference population. There are few possible riboflavin analogues that could be used as internal standard in this method, such as galactoflavin and isoriboflavin. However, as we were unable to obtain either of these products we used lumiflavin, a known riboflavin analogue, which was readily available. Several papers have discussed the possibility that lumiflavin is a photodegradation product of riboflavin [16, 19] , so we assessed this using our method. Aliquots of the same plasma sample were spiked with FAD, FMN, riboflavin, and lumiflavin and exposed to full range UV light for varying lengths of time (15 -60 minutes). The flavins were then extracted and analysed by HPLC (See Fig. 2) .
It is clear that FMN (peak 2), and riboflavin (peak 3) are degraded rapidly as the peaks decrease in size quite dramatically after 30 minutes of exposure to UV light. FAD (peak 1) appears to be more resistant to degradation by UV light as there is not as large a decrease in peak size compared to riboflavin or FMN. Levels of lumiflavin (peak 4) do not increase suggesting that riboflavin does not degrade to lumiflavin under these conditions. There is also an extra peak (peak X) which appears next to lumiflavin on the chromatogram after exposure of the sample to UV light. This unidentified peak appears to be a degradation product with a similar, but chromatographically distinct, profile to lumiflavin, and it is possible that this may have been mistaken for lumiflavin in previous studies.
As the preparation of samples from venesection to injection onto the HPLC column was performed in dim light, it was decided that lumiflavin was suitable to use as internal standard for this method.
DISCUSSION
There was a strongly significant correlation between the EGRAC and HPLC methods with regard to FAD levels, with a significant correlation also found for FMN and riboflavin. These data are in some agreement with results published by Moat et al. [24] who found a strong correlation between plasma riboflavin assessed by HPLC and the EGRAC assay, although they reported no significant correlation between FMN and FAD assessed by HPLC and EGRAC. We found a weaker, but still statistically significant association between The results of the present study suggest that either method would be suitable for routine assessment of flavin status in the biochemistry laboratory. However, the HPLC method, which measures FAD, FMN and riboflavin simultaneously, is more informative in that it gives a complete overall assessment of flavin status compared to the EGRAC method ( Table 1) . The HPLC method is more sensitive with a lower limit of detection than the EGRAC method, which is potentially an important factor when assessing riboflavin deficiency. In addition, the HPLC method is not subject to interference in the same way as the EGRAC method. Glucose-6-phosphate dehydrogenase deficiency and diabetes mellitus may both produce misleading results in the EGRAC assay, whereas the HPLC method is unaffected by such disorders [3, 4, 18] .
There has been considerable controversy as to what the results of the EGRAC assay actually show, and whether they reflect short term or long term dietary intake. The EGRAC method utilises the role of riboflavin as a cofactor in glutathione reductase synthesis to estimate the amount of riboflavin present in a sample, and is considered by some to represent a more accurate picture of long-term riboflavin status than direct measurement [17] . It has been stated that while the EGRAC activity responds quickly to acute riboflavin deficiency, there are doubts as to whether it continues to change in response to progressive tissue depletion [9] . By contrast, several reports claim that the EGRAC reflects accurately the long-term intake of riboflavin but is of limited use in assessing the kinetics of riboflavin in the short-term [25, 26] .
As FAD is conserved at the expense of riboflavin [27] a decrease in the levels of FMN or riboflavin may be evident before levels of FAD would begin to decrease in the early stages of riboflavin deficiency. This means that the HPLC method is more useful than the EGRAC assay, which only measures FAD levels, in the detection of mild riboflavin deficiency.
The levels of FAD required to drive the EGRAC reaction may not be the same as the concentrations needed for other physiological biochemical reactions, meaning that an individual suffering from mild riboflavin deficiency may not necessarily have an abnormal EGRAC. HPLC could also be more sensitive to changes in riboflavin status in that large changes at certain points of the EGRAC standard curve may cause only small changes in the EGRAC value, whereas the HPLC standard curves are linear and may therefore reflect small changes better than the EGRAC.
The HPLC method described in this study would be able to detect excess amounts of riboflavin, whereas the EGRAC assay is relatively insensitive to high levels. Many vitamins can be damaging to the body at high levels. Vitamins A, C, and E are all known to potentially generate reactive oxygen species when consumed in high doses [28] [29] [30] . To date, there have been no reports of any significant adverse structural or functional effects of excess riboflavin consumption in humans. The lack of any harmful effects from high doses of riboflavin may be due to its physicochemical properties. Its solubility is limited and the capacity to absorb riboflavin via the gastrointestinal tract is limited, particularly when administered in large doses [31] . Once the tissues are saturated, any excess riboflavin is excreted in the urine.
However, this does not mean that there is no potential for adverse effects from high intakes [32] . Riboflavin has been implicated in toxicity when taken as part of a standard multivitamin preparation. In this situation, riboflavin may be involved in photodynamic damage to DNA, but only in synergism with other multivitamin components, because it has been shown that high levels of riboflavin alone are unable to damage DNA [33] .
With regard to the costs and ease of use of the methods, both require expensive equipment in the first instance, with the EGRAC assay being performed on a centrifugal analyser such as the Cobas Fara and the HPLC method requiring an HPLC pump, fluorescence detector, and data system. Both methods require a similar amount of preparation time, although an automatic sampler would be required in order to facilitate the analysis of a similar number of samples through the HPLC assay compared to the EGRAC method on a daily basis. The costs of reagents needed for each method are also similar.
There were no significant differences between the FAD and FMN levels in patients receiving TPN and control subjects, suggesting that riboflavin deficiency is not prevalent in this patient group. However, in the case of riboflavin, there was a significant difference between the TPN patients and the controls, indicating that the TPN patients were receiving more riboflavin than necessary. In such patients, an increased availability of riboflavin could be beneficial in that they may have an increased requirement for FAD to aid in the recovery process [13] .
In conclusion, the HPLC method evaluated in this study is superior to the EGRAC assay for assessing riboflavin status. Riboflavin deficiency is not prevalent in TPN patients. 
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